Polymorphic major histocompatibility class I antigens have highly conserved disulfide bridges in the second and third external domains. To study the role of a disulfide bridge, we have introduced a mutation into the mouse H-2Ld gene by oligonucleotide-directed site-specific mutagenesis, disrupting the disulfide bridge in the second domain of the protein by changing cysteine at amino acid position 101 into serine. Upon introduction of the mutant gene into L cells, the mutant transplantation antigens were synthesized, inserted into the membrane, and displayed on the cell surface, indicating that the disulfide bridge is not essential for surface expression of the H-2 antigen. Binding studies carried out with 16 monoclonal antibodies specific for the H-2Ld antigen showed that most of the allodeterminants are lost or greatly altered in the mutant antigen. Further, almost complete loss of the recognition by H-2Ldd-specific alloreactive cytotoxic T cells was observed. These results indicate that polymorphic determinants are dependent on a protein folding pattern dictated by the disulfide bridge. However, two antibodies previously found to react with antigenic sites present in the first and third domains were reactive with the mutant, implying an element of domain independence with respect to the determinants recognized by these antibodies.
The class I antigens of the major histocompatibility complex (MHC) are integral cell membrane proteins composed of a 45-kilodalton polymorphic heavy chain encoded by genes on chromosome 17 in the mouse and expressed on the cell surface in association with a 12-kilodalton nonpolymorphic light chain, f2-microglobulin. The heavy chain consists of three extracellular domains, N, C1, and C2, which are attached to a transmembrane domain, M, and a cytoplasmic domain, I. This domain structure correlates with the exon-intron organization of class I genes (1-6). The class I antigens are highly polymorphic; multiple amino acid substitutions are found throughout the sequences of various alleles (7, 8) . The polymorphic amino acid substitutions are regarded as the structural basis for allorecognition and for self-restriction.
In spite of extensive polymorphism, certain structural features of the class I heavy chains are highly conserved. For example, all of the functional class I antigens contain disulfide bridges in the second (Cl) and the third (C2) external domains of the molecule (1-6, 9, 10). Two cysteines involved in forming the disulfide bridges are located in homologous positions: Cys-101 Cys-164 in the second domain, and Cys-203 Cys-259 in the third domain. Glycosylation sites are also highly conserved. Because of this high degree of conservation, the disulfide bridges and the glycosylation sites may be of crucial importance in the expression and normal function of class I major histocompatibility antigen. In this paper we utilized oligonucleotide-directed site-specific mutagenesis (11, 12) to produce a mutant H-2Ld gene lacking the disulfide bridge in the C1 domain and to investigate the immunological properties of the altered gene product. Similar approaches have generated a variety of specific mutations introduced into cloned genes at precise locations (11) (12) (13) (14) (15) . In the present study, the cysteine at amino acid 101 of the H2Ld antigen has been changed to serine by substituting a thymidine for adenosine in the corresponding codon.
We present here the construction of the mutant H-2Ld gene, cell surface expression of the gene in mouse L cells, and characterization of the mutant antigen by a series of monoclonal antibodies and by alloreactive T cells.
MATERIALS AND METHODS
were synthesized by the solid-phase phosphotriester method (16) , using an automated synthesizer (Vega Biochemicals, 280), and were purified by high-pressure liquid chromatography. Oligonucleotides were further purified through 20% denaturing polyacrylamide gels to remove contaminating smaller oligonucleotides.
Strategy for in Vitro Mutagenesis. Preparation of the recombinant M13 phage m9.33.6 will be described elsewhere. Briefly, two restriction fragments containing the 5' and 3' portions of the H-2Ld gene and flanking DNA were introduced into M13.mp9. This construction results in the deletion of a portion of the intervening sequence separating the C1 and C2 exons. The mutagenic oligonucleotide was phosphorylated with T4 polynucleotide kinase (New England Biolabs) and used for primer extension. Two additional oligonucleotides, which hybridize to M13 sequences on either side of the insert, were added to primer extension reactions (Bethesda Research Laboratories, Collaborative Research). Twenty picomoles of each of the three primers was added to 1 ug of m9.33.6 single-(+) strand DNA template in 20 ,ul of 20 mM Tris HCl, pH 7.6/200 mM NaCl/9 mM magnesium acetate/20 mM 2-mercaptoethanol and heated to 65°C for 5 min. The reaction mixtures were allowed to cool to room temperature over 30 min. After cooling further to 12°C in ice water, 1-,u portions of 10 mM dCTP, dATP, dGTP, and dTTP and 100 mM ATP (Bethesda Research Laboratories) were added and the volume was adjusted to 30 ,ul Abbreviations: CTL, cytotoxic T lymphocytes; TK, thymidine kinase.
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. in 20 mM Tris HCl, pH 7.6/200 mM NaCl/9 mM magnesium acetate/20 mM 2-mercaptoethanol. Primer extension was initiated by adding 5 units of DNA polymerase I (large fragment) (Boehringer Mannheim) and 40 units of T4 polynucleotide ligase (New England Biolabs), followed by incubation at 12'C for 12-18 hr. This reaction mixture was used directly to transform CaCl2-treated competent Escherichia coli host strain JM103. Phage plaques were isolated and single-stranded DNA was prepared as described (17) . Dot Hybridization Screening. Procedures for dot hybridization using 32P-labeled oligonucleotides have been described elsewhere (11, 12, 17, 18) . Briefly, 1 gg of single-stranded DNA purified from independent phage plaques was blotted onto nitrocellulose filters. The filters were incubated in 0.9 M NaCl/0.09 M sodium citrate/lOx Denhardt's solution/0.2% NaDodSO4 at 650C for 1 hr, then incubated with the 32P-labeled mutagenic primer (2 x 106 cpm) in 0.9 M NaCl/0.09 M sodium citrate/lOx Denhardt's solution at room temperature for 1 hr for hybridization. The filters were washed at increasing temperatures-i.e., 58TC, 60TC, and 62°C-each for 1 min. After each wash the filters were exposed to the XAR5 x-ray film (Kodak) for 5-18 hr.
DNA Sequence Analysis. DNA sequence was analyzed by using the dideoxy chain termination method (19, 20) . One microgram samples of single-(+) stranded DNA purified from the mutant and the wild-type phage were used as templates. The mutagenic primer and four additional synthetic oligonucleotides were used for priming: 5 
, complementary to the beginning of the intron between the C1 and the C2 domains. Availability of these primers allowed us to sequence the portion of DNA covering the N and the C1 domains without subcloning the genes. [a-32P]dATP (specific activity 400 Ci/mmol; Amersham; 1 Ci = 37 GBq), deoxy-and dideoxynucleoside triphosphates (Bethesda Research Laboratories) were used for chain extension. Sequence determination of each gene was carried out at least twice for the entire N-Cl region and several times more for the region of the expected mutation. A 6% polyacrylamide gel with a gradient of 0.5-2.5 times XM Tris/YM borate/ZM EDTA (TBE) was used for electrophoresis.
DNA-Mediated Gene Transfer. Double-stranded DNAs were prepared from the mutant and the wild-type phage (17) and introduced into the thymidine kinase-deficient (TK-) L cells, DAP-3, by a calcium phosphate precipitation method as described elsewhere (3, (21) (22) (23) . Twenty micrograms of M13 double-stranded DNA and 500 ng of pBR TK DNA containing the herpesvirus TK gene were precipitated with calcium phosphate and then added to 1 x 106 DAP-3 cells. Selection with hypoxanthine/aminopterin/thymidine medium yielded TK+ transformed colonies from which cells expressing mutant genes were cloned by a limiting dilution method.
Antibody (23, 26) .
Generation of Alloreactive Cytotoxic T Lymphocytes (CTL). Primary CTL were generated in vitro as described elsewhere (26, 27) . Briefly, CTL specific for the H-2Ld antigen were generated by stimulation of 5 x 106 BALB/c.H2dm2 spleen cells with 2 x 106 irradiated BALB/c spleen cells in RPMI medium (GIBCO) supplemented with 10% fetal bovine serum and other ingredients (26) for 5 days at 5% CO2 in humidified air at 370C. BALB/c anti-C3H/HeJ CTL were generated by the identical procedure. Cytolytic activity was measured by 51CrO4 release from the transformed target cells after 6-hr incubation as described (26, 27) .
RESULTS
Isolation and Identification of the Mutant H-2Ld Clones. An oligonucleotide primer, complementary to the sequence of the H-2Ld gene at amino acid positions 99-104 (Phe-GlyCys-His-Asp-Gly) was synthesized. The single nucleotide substitution, from A to T at position 9 of the oligomer, replaces cysteine at 101 by serine. The mutant primer was annealed with the wild-type DNA m9.33.6 and primer extension was carried out with DNA polymerase and T4 DNA ligase. Twenty-four independent plaques were isolated, and DNA was prepared from each and screened by dot hybridization using the 32P-labeled mutagenic primer as the hybridization probe. The probe hybridized with all 24 DNAs at room temperature (Fig. 1 Left) . A stepwise increase in the washing temperature removed the labeled probe from most of the clones. The final wash at 620C removed the probe completely from 21 clones, leaving 3 strongly hybridizing clones (Fig. 1 Right) . These clones were isolated as putative mutants and characterized by restriction endonuclease cleavage. Double-stranded (replicative form) DNA was prepared and digested with Xba I, BamHI, Bgl III, and the combination of EcoRI and HindIII; identical patterns were found for both mutant and wild-type DNA, indicating that the differential hybridization was not due to gross structural changes in the gene.
To confirm the mutation, two positive clones, designated SH6-10 and SH6-17, were subjected to sequence analysis encompassing the N domain exon, the intron between the N and the C1 coding sequences, and the C1 exon (except for 10 base pairs at the 3' end) (19, 20) . Four primers were used for dideoxy sequencing directly from the single-stranded phage DNA, eliminating the necessity of subcloning the genes. Fig.  2 shows the comparison of one mutant and one wild-type gene sequence through the region of the mutation. The expected alteration of ACA to ACT was found in both SH6-10 and SH6-17. This particular region was sequenced several times, using a primer that hybridized 80 base pairs downstream from the beginning of the C1 coding sequence. No other alteration was detected in the remaining portion of the DNA sequence in either mutant clone. It should be mentioned here that one of the two mutant genes, SH6-10, did not express any detectable H-2Ld antigen after transfer into L cells, although we tested more than 50 independent colonies. The nonexpressing mutant gene produced H-2Ld-specific mRNA in the transformed cells as detected by a synthetic probe specific for the H-2Ld gene (28) (data not shown). This is reminiscent of an HLA class I "pseudogene" reported by Jordan and co-workers (29, 30) , in which cysteine at amino acid 164 was replaced by phenylalanine and failed to be expressed on the surface of L cells. The DNA sequence analysis of the nonexpressor SH6-10 indicated no alteration in the N and C1 coding regions and the intron except for the expected mutation. We reasoned that a defect must exist in SH6-10 upstream of the N-domain-encoding sequence. To test this possibility, the 5' end of the SH6-10 gene, containing the leader and N-and Cl-encoding sequence was recombined with the 3' end of the wild-type Ld gene (m9.33.6) encoding the C2, membrane, and cytoplasmic domains (23) . A mosaic gene with the reverse combination was prepared as well. Expression was observed only with the mosaic gene having the 5' end of the wild-type gene and the 3' end of the nonexpressor SH6-10. The mosaic gene of the reverse combination was totally negative for antigen expression (data not shown). These findings suggest that the defect of the nonexpressor SH6-10 gene is located upstream of the N domain, representing an unrelated secondary mutation. The examination of binding of 16 monoclonal antibodies ized in the N and revealed that many of the determinants were either comxamined the role pletely lost or had greatly reduced activity in this mutant determinants degene product. All the antibodies previously mapped to react susceptibility of with the determinants in the C1 domain were affected. In _ specific CTL.
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